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Parton distribution functions

Partonic cross section

Encodes non-perturbative effects
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In general,@&@iivergent IR divergent when integrated over radiation PS

Divergences are implicit, i.e. appear after

Understood Needs to be Integrating
combined with
legs

. . o i " p
Divergences are explicit How do we deal with these divergences:
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Inclusive: not a problem, KLN ensures cancellation. Relatively interesting

Differential: more interesting, but need proper subtraction of divergences

Structure of divergences get more and more involved at higher orders, important to understand

and organise the cancellation
Subtraction scheme”




Main idea of subtraction: add and subtract the divergent configurations

l|'>’666>6 d¢g:J:>éésf - ,W:d®g+J,W do,

—

Finite in d=4 ‘Divergent “counterterm” |

??

Identikit of suitable counterterm: l

o Approximate full matrix element in all singular limits The choice of the counterterm defines a

. given subtraction scheme
o Easy to integrate

This talk: Nested soft-collinear

o Other optional (?) features: locality, Lorentz subtraction scheme
invariance, limit number of spurious singularities etc.

For a review of all
subtraction schemes on
the market see talk by
Gloria Bertolotti




Other approaches: slicing

O

o0
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Slicing parameter

J‘/%‘zFJ d¢d=J

0

Match to resummation,...

Transverse momentum of colorless/

» (T slicing [Catani, Grazzini] colored (massive) system

» Jettiness slicing [R. Boughezal et al., J. Gaunt et al.]

2 .
N-jettiness W = @ Z mm{ aPx> 9oPxko -« - quK}
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lim doy- x ~B®BRSQH®J®do,, x

Non local Easier generalization to higher orders



NSC AT NLO (FKS)

Simple (yet instructive) example: Z+j production in proton collision

pp > Z+j~a,

\)

At NLO QCD: include contributions ~ a?

\)

Let’s procede step-by-step:

o Identify singular configurations

o Make singularities explicit z 2
X,
3 3

o Combine them to get finite result




Simple (yet instructive) example: Z+j production in proton collision

pp > Z+j~a

\)

At NLO QCD: include contributions ~ a?

\)

o Identify singular configurations Divergent when loop

momentum becomes
soft/collinear

Let’s procede step-by-step:



Simple (yet instructive) example: Z+j production in proton collision

pp = Z+j~ al

At NLO QCD: include contributions ~ a?

Let’s procede step-by-step:

o Identify singular configurations Integration over gluon

in soft/collinear regions

z
phase space divergent 9
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Simple (yet instructive) example: Z+j production in proton collision

pp = Z+j~ al

At NLO QCD: include contributions ~ a?

Let’s procede step-by-step:

o Make singularities explicit % (Fiv(1...n)) = ;‘_s <2§R(Il(e)) FLM>
-
- 1 6€7E 1 1 1 /1'2 € z')\z-jwe
L) = 5ra =g ;T—g(Ti—sz) ;T T5( 59 07) ©
(Fiv(1g, 24:3,)) = [as]{(CA — 2Cr) le + 2%] (512) " cos(me) } Catani, 1998

Color correlations

_ [% + 3CA4—|6_ 25()] ((s13) ™ + (523) ™) }<FLM(1q7 245 39)) + (Fiv (14, 255 35))
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Simple (yet instructive) example: Z+j production in proton collision

pp = Z+j~ a]

At NLO QCD: include contributions ~ 0552

Let’s procede step-by-step:

2
%
3

o Make singularities explicit

NSC philosophy: subtract singularities in a nested way, i.e. regulate soft first, then collinear

<F;,(1234)>=<I-S)F,,,A%(1,23,4) >+ < S,AYF,,(1,2,3.4) >

Soft counterterm

+H< S,A Fpy(12,34) 5]

~—

-

|

= < U= 500 C)a®
Fully-regulated

H 2, < U= S)CAY

l

p

Hard-collinear counterterm 1



o Combine them to get finite result

sigmaNLO =

braas

4 Emax?

e2

FLM[plg, P25, P3g] +

braas

€

|

mu2

muz2

4 E32

mu2
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CA
€
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] (CA (eta[l, 2] ©KK[1l, 2] - eta[1l, 3] °KK[1, 3] - eta[2, 3] S KK[2, 3]) -2 CFeta[l, 2] ¢ KK[1, 2])

"¢ Gamma[l - €e]?

PggNLOFS[L3] « FLM[ply, p2g, P3g] +

Gamma[l - 2 €]

¥2gqq22 2 FLM[pl,y, P24, P3g] +

TRNf(

b ((CA 2 CF) 1 3 (SlZ)-ec (CA 3CA+2/3@) ((513)—6 (523)—(—:)) L . .
raas - + — os[re] - | — + = g .
(62 26) mu2 : ) e? 4 ¢ mu2 mu2 [p as P<qs P g]

4 E32]'€ Gamma [l - €]?2

asontwopi FLVfin[ply, p2g, p3;] +

mu2 2 € E12 mu2 2 e E22

1 Gammal[l - e]? 4E1° \'" (3 1 Emax? )¢ 4\ (3 1 Emax? )¢
(5] G2 b)) (5] G2 bS] ) rntes e ol

e Gamma[l - 2 €]
asontwopi ONLO[2 A34 FLM[pl,, p2g, P3g, P4g]] +
asontwopi ONLO [A34 (FLM[ply, P25, P3qps P4qp]| + FLM[p1ly, P245 P3qps P4gp]) ] +
braas CF (Pqqfin[z, E1] x FLM[z p1ly, P24, P3¢, z | + Pqqfin[z, E2] « FLM[ply, Zz p24, P3g, Z]);

Check analytic pole cancellation

Normal[Ser'ies[sigmaNLO //. softfunctions //. splittings /. replaceSij /. L3 - Log[

{e, O, -1}]] // PowerExpand // Simplify

Use factorization of matrix
element in the singular limits
to evaluate each subtraction
term

Emax 11 2

E3 6 3

/.BO-> — CA- — Nf TR,
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o Combine them to get finite result

Coefficient[%, €, O]

- asontwopi FLVfin|[ply, p2q, p3g| +

67 25 2
braas CA FLM[pl,, p2q, p3g] - -2 (Log[E3] - Log[Emax])

11 mu2
— -2 Log[E3] + 2 Log[Emax] (-2 Log [E3] + Log[T])) s

1
. braas Nf TR FLM [pl,, p2q, p3g] (-23 + Log[4096] + 12 Log[E3] - 6 Log[mu2]) +

braas CF FLM[pl,, p2q, p3g] (-6 Log[2] + 2 Log[E1]” + 2 Log[E2]” - 8 Log[2] Log[Emax] - 4 Log[Emax]”
Log[E1l] (-3 + Log[16] - 2 Log[mu2]) + Log[E2] (-3 + Log[16] -2 Log[mu2]) + 3 Log[mu2] + 4 Log[Emax] Log[muz]) +

1
braas CF (FLM[Z ply, P2q, P3g; z] (L-z+4D1[z] - = (2+2z-4D0[z] -3delta[l-2z]) (Log[4] +2 Log[E1l] - Log[mu2]) -

2 (12 Log[l—z]) P FLM{p1. 2p2., p3. ., 7|

+

(l—z+4D1[z] —% (2+22z-4D0[z] -3 delta[l-2z]) (Log[4] + 2 Log[E2] - Log[mu2]) -2 (1+2z) Log[1l - z]

%braas FLM[plq, P2y, p3g] (—3 (CA-2CF) (7T2—4 Log[2]2+ Log[(64] + 3 (Log[E1l] + Log[E2] - Log[mu2] + Log[eta[l, 2]]) -
] ] + Log[eta[l, 2]]) - (Log[E1l] + Log[E2] - Log[mu2] + Log[eta[1, 2]])2) +
2 (5CA-NfTR) (Log[El] + Log[E2] + 2 Log[E3] -2 Log[mu2] + Log[l6eta[l, 3]] + Log[eta[2, 3]]) -3CA (8 Log[2]2+
] ]
] ]

4 Log[2] (Log[El ]
[E

4 Log[2] (Log[El] + Log[E3] - Log[mu2] + Log[eta[1l, 3]]) + (Log[E1l] + Log[E3] - Log[mu2] + Log[eta[1, 3]])2+
] )
]

+ Log[E2] - Log[mu2

4 log[2] (Log[E2] + Log[E3 + Log[eta[2, 3]]) + (Log[E2] + Log[E3] - Log[mu2] + Log[eta[2, 3]] 2)) +
asontwopi ONLO[2 A34 FLM |ply, p2q, p3g, P4, | + asontwopi ONLO[A34 (FLM[plg, p2q, P3qp, P4qp| + FLM|ply, P24, P3qp, P4qp|) | +

- Log [mu2

braas FLM[pl,, p2q, p3g]
( CF n?
3

1
" (CA+2CF) (Log[4] +2 Log[Emax] - Log[mu2])? + CF Log[eta[l, 2]]° -

(—2 Log[Emax] + Log[%z]) (- ((CA-2CF) Log[eta[1l, 2]]) + CA (Log[eta[l, 3]] + Log[eta[2, 3]])) +

And then try to find recurring structures that make final result nice and cute

4 4
d‘7NL0 =Ny <0( )FLM(lq, 2q7 3q7 4 > + <Ofﬂ<)> (¢3)34 FLM(lm 263 3ga 4g)>

nlo

+ (Fy 123))

+ [0u] Cr Z / dz (PN0(z, B.) F) (15, 243,12))

23 E 1
+ (o) (FLm(1q, 243 34)) [TR ns ( 9 3 log (E3) —3 log (M3 7723))

2
Will come back to this later " CF(Z% + 0l (Zf)) " CA(697 - 4;: §l°g (gg) + log® (gg)
; (5 + 3log (gg)) log (7713 7723)) + Liy(1 — m13) + Lip(1 — 7723)] ,

Can I get directly the nice and cute result?
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NNLO COMPLEXITY

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

dGNNLO — dGRR + dGRV + dGVV —+ dGPDF

B

Catani, 1998

IR singularities at 2-loops encoded in Catani’s
Many singular configurations... 2-loop operator
VV is “simple”, RV and RR much more intricate 1 1

L2 w5 {p}) = —5I1%(en{p}) (I (e, 1% {p}) +47Tﬁo;>
' ’ 1t1 $OP(1 —
o Overlapping singularities . € Or -2 (27r ol K) 10 (2e 12 {p])
(2)1‘(1 —2 €) €
. . r. H -

o Interplay soft/collinear limits Sl
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NSC AT NNLO

Use of color coherence is what distinguishes original sector decomposition (Czakon, 2010) from
the nested soft-collinear subtraction scheme (Caola, Melnikov, Roentsch 2017)

k No interplay between soft and collinear — subtract soft limits first, then collinear
“Nested approach”

Three steps: Universal,
contains all
o Globally remove double soft singularity explicit double Free from DS
soft (DS) singularities
singularities

16



BACK TO NNLO

Use of color coherence is what distinguishes original sector decomposition (Czakon, 2010) from
the nested soft-collinear subtraction scheme (Caola, Melnikov, Roentsch 2017)

\> No interplay between soft and collinear — subtract soft limits first, then collinear

“Nested approach”

Three steps:

o Globally remove double soft singularity
Only contains collinear

o Globally remove single soft singularity singularities

17



BACK TO NNLO

Use of color coherence is what distinguishes original sector decomposition (Czakon, 2010) from
the nested soft-collinear subtraction scheme (Caola, Melnikov, Roentsch 2017)

&» No interplay between soft and collinear — subtract soft limits first, then collinear

Three steps: “Nested approach”

o Globally remove double soft singularity
o Globally remove single soft singularity

o FKS partition and treat one collinear singularity at a time

18



BACK TO NNLO

Jse of color coherence is what distinguishes original sector decomposition (Czakon, 2010) from
the nested soft-collinear subtraction scheme (Caola, Melnikov, Roentsch 2017)

k> No interplay between soft and collinear — subtract soft limits first, then collinear

Three steps: “Nested approach”

o Globally remove double soft singularity

o Globally remove single soft singularity

o FKS partition and treat one collinear singularity at a time

Fully regulated!




FINAL RESULT

Fully regulated!

o Singularities are explicitly extracted in the counterterms, constructed from universal structures

o Counterterms are integrated analytically “once and for all”

Reverse unitarity

o . . . o method to compute the
o Minimal approach: only inequivalent physical limits are subtracted ¢

PS integrals

Local in phase space & Analytic [Caola, Delto, Frellesvig, Melnikov, 2018+19]



TOWARDS COLORFUL FINAL STATES

[N principle, everything is known to Can we identify structures early on in

deal with a completely generic

the calculations so that cancellation of
divergences can be seen “by eye”’, even

ProCess for a generic process?
N practice, several issues k
encountered:

o Bookkeeping increases

dramatically

A fresh look at the nested soft-collinear subtraction
scheme: NNLO QCD corrections to IN-gluon final

states in gq annihilation

Federica Devoto,? Kirill Melnikov,” Raoul Rontsch,® Chiara Signorile-Signorile? %

o Color correlations become Davide Maria Tagliabue®
crucial, SU(Nc) algebra does not JHEP 02 (2024) 016, arXiv:2310.17598
close for n>=4 Main idea: look at the pole structure of the virtuals to infer similar structures for the reals

With this new approach, we are able to analytically prove the
cancellation of IR singularities for generic processes at NNLO (only
gluons for now) 21




PHASE SPACE INTEGRATION OF ONE LOOP SOFT GLUON CURRENT

Consider the soft limit of the real-virtual contribution

Sm Fry(m) Triple color correlated term

Np
=—g2, Z {2 Sii(pm) (T T;) - Fry — a;(:) 360 2Sii(pm) (Ti-T;) - Fim / Only contributes for processes with at least 4 partons at Born level
()

2% ¢4 Ak (0 (sz]@m)) (T T)) - Fu

4 T(1 4+ €)I3(1 — € e :
- o] = (e [‘(16)_ %) 2 Z Kij z(Pm)( z‘j(Pm)) fabe T¢ T; T FLM} Last missing integral for fully generic processes! Computed in

ey [2310.17598] via Mellin-Barnes representation

P Pj \A

Slj(pm) =

Largely used also for loop integrals!

Energy integration is trivial, angular integrand in MB representation

[G. Somogyi, J.Math.Phys. 52 (2011) 083501]

(d—1) . N €

G~ =/ dfd Pk ( Pij ) Pij = I = cos 91']
2(27T)d—1 PkmPim \ PimPjm
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PHASE SPACE INTEGRATION OF ONE LOOP SOFT GLUON CURRENT

Energy integration is trivial, angular integrand in MB representation
[G. Somogyi, J.Math.Phys. 52 (2011) 083501]

sz‘j=/ th(tctl_l) Pki ( Pij )e Pii = 1 — cos Hi' |
2(2m)4=1 pempPim \ PimPim ! ! pk2p‘ ; k#1
_ Ukl = 2
. ;i = (1 — COS H--)/Z p |
Three massless denominators: ! ! Zk 3 k=1
Ghii — / d% " i ( Pij )
2(2m) %1 prmpim \ PimPim Angular integration traded for 3-fold Mellin-

+100

Barnes integration

. dz;: dzip dzp; 7w 2T€
= Pki P / 1(27:7:)3 girze L(=25)T(=2k)T(=2jn)

—100
X T(1+ €+ zij + 21i) T (=1 — 3 — 235 — 2ki — 2j) (€ + 235 + 25k)

1 2ij  Zki ,.%

. o . .jk .
(—4e)L'(e)T'(1 + €) Tig i Mk

X T'(1 4+ 2k + zjk)[‘

Integration contour to be chosen in such a way that poles of I (... 4+ x) are separated from poles of I'(... — x)

Involved singularity structure due to various Gamma functions involving three variables

MBresolve [M. Czakon, Comput. Phys. Commun. 175 (2006) 559-571]

MB [A.V. Smirnov, V.A. Smirnov, Eur. Phys. J. C 62 (2009) 445-449]
23



PHASE SPACE INTEGRATION OF ONE LOOP SOFT GLUON CURRENT

At this point singularities are resolved and integration contours are straight vertical lines
in the complex plane, can integrate via residue theorem

Final result written in terms of classical + generalized polylogs up to weight 3

— kij : ik . Nk . Nik
G, fn = Liz(n;;) log (—) — Lia(mix log( ) + Lia(njk log( )
A ( J ) ik (i) NiiNik ( ’ ) ThjTik

. ik T 14k . ik — Tk .
+log(n,-k)L12( e — )+log(n,-k)hz( ik — 1 )+3L13(1-7h‘k)
— Nik ik

. [ 1—mn,; : ik
— 3Liz(1 — k) + Liz (1 ~ Z]:) log(nikn;jk) + Liz (z_) log (mik 1jk)

. ik — Tlik . ik — 1hk .
~ tog(n)Lia (— "% ) — tog(a)Liz ("2 ) 4 g
Nik 1 —njk

. 1 1 -k Nik — Nik \
— Liz(n;x) + log®(m;z) 5108( n--] )+1°8( : . ) + ...
b LY J i

24



1 1 1 — njk
+ log(nik) | — = 1082(771'3') + log(1 — n;;) log(ni;) + 5 log” J
9 2 1 - Nik
1 Nik 137T2
+ 5 log® (77 k) + log(1 — n;k) log(n;k(njk — nik)) + logz(njk) T 6 ]
7

71.2

ij 9
+ log(1 — n; —lo 2.) 1o ( )—lo : ——]
g(1 — mjk) _ g(njk) log Mik — Tk g"(njk) 6

+ log(1 — i) | log(nik) [log ( ﬂ'knij"?’k) —log(1 - mk)] + log® (hix)
. J )

og(mjx) = = N5 = _
~ log () log (s — ) — o1 +§] + 2 10g (1) log? (m;e) Nlab = 1/(1 = 7ab).

. 1 ik
n > 10g2(77ij) log(n;x) — log(1 — n;;) log(n:;) log(n;x) — 3 log” (,72)
J

L (L= e (k) L 2(1-’7ﬂ=) ("_k) O e v By Fruppy -
210g(1-77ik)10g (njk) 210g 1 — nix log Nk wi _2_nt]_ntk_n]k - \/(nzy_nzk_n]k) _4772k7)]k(1_7h])

2 (Miknjk — Nik — Njk + 1)

2 1 1 i ' J

— log*(n;x) log(njx — mix) + 1r2 log ("'c) + log (1 L < )
ik — Mik

2 1
X [; — log(1 — mj.) log(njk)] — 5 log®(mix) + log™(1 — 1ix) log (i)

log® (n;) S : LL
+— =2 — log?(1 — mjk) log(n;k) + 3 7w log(njk) — "’2 log (1 _Jnjk)

+ log(nij) [G(ﬁik'J w+a 1) o G(ﬁjk, w+a 1) + G(ﬁika w, 1) o G(ﬁjk) wo, 1)]

o G(ﬁik) w+$ ﬁjka 1) + G(ﬁ]ka w+1 ﬁika 1) + G(ﬁik)w+a 11 1) o G(ﬁikaw+,ﬁik1 1)
o G(ﬁjkaw-'-a 1, 1) + G(ﬁjk, ’UJ+, ﬁjka 1) o G(ﬁik)w_aﬁjka 1) + G(ﬁ]ka W, Nik, 1)
+ G(ﬁika w1, 1) - G(ﬁika W, Nik, 1) - G(ﬁjkaw—1 1, 1) + G(ﬁ]ka w, ﬁjka 1) )
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CONCLUSIONS

- Higher order calculations are important for LHC precision physics program; they involve infrared

singularities that need to be regulatead

- There is a freedom in how to regulate such divergences -> subtraction scheme. | presented
generalities and mentioned advances in the context of the nested soft-collinear subtraction
scheme, goal is to deal with high-multiplicity final states (beyond 2->2)

- With the new approach, we are able to analytically prove the cancellation of IR singularities for
a generic NNLO process (only gluons for now)

« WWNo

gu

ar

s in the final state, etc.. nume

t's next: generalization of the NSC “new” ap

rical studies,

oroach to of

-diagonal partonic channels, include

ohenomeno

ogical applications
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Thank you for your attention!



BACKUP



Under IR limits, RR factorises into universal kernels x lower multiplicity matrix elements

o Double soft jcatani Grazzini 99085237

o Triple collinear limit [catani, Grazzini 9810389)

4 € ss’ Hss’
‘Ma1,a2,a3,...(p17p27p37 .. )‘2 =~ % (471'/.1,2 as)2 7;’“.(]?, .. ) Pa1a2a3

. . T
7;811,8,1 (pl, .. ) — Z Z Mgll,f;zz,,......,ﬂ,32,...(pl,pz, N ) [Mgll’,fzzz’,','j,’s,l’82""(p1,pz, N )]

spins #s1,s] colours

9(6) 9(5)

. . . 6
Different triple collinear g (5i§§ éﬁﬁ 9(6)
topologies to disentangle M R

U U U U
I = 6’(’761 < 51) | ‘9<i < Me1 < ’751) T 9('751 < %) T 9(% <151 < 7761)

— 0@ 4 90 4 gl) 4 gd)
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OVERLAPPING SINGULARITIES - SOFT/COLLINEAR INTERPLAY

k1
\ o k2 1 1
1 1
> (ki + ky)? (ky +ky + k3)2 2k - ky 2Ky - ky + 2k - ks + 2k - ks

—>
ki1 + ko + k3 ks

Overlapping energy/angle (e.g. soft/collinear) singularity!

Turns out to be an artifact of individual Feynman diagrams. On-shell scattering amplitudes are free from
entangled singularities

L Color coherence

Soft gluon only sensitive to
color charge of collinear
subsystem, no S/C
interplay!
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TOWARDS COLORFUL FINAL STATES

Back to our original example: Z+] @NNLO
[N principle, everything is known to

%< Fint(Ly, 20 30,40, 50)) = (Sus ALY 4 (1 — 84)S5 A% FL5) deal with a completely generic
+ (1= Si)(I = S5){ Y [0 Cisi(I — C5:) + OV Cis (I - Ci) Orocess
1€TC

+09Cy5,(I — Cy) + 0D Cls5,,(1 — 045)] w‘“&} A(45)Fél\>45>

N practice, several issues
- <(1 — ST —55) Y CuiChjwuis, A(45)F§1\>45> |

()eDC encountered:
+ <(I — Sa5)(I — 55){ Z (05 + O Cys + ©9C,; + 0D Cys | wasss
1€TC
+ 3 [Cuit Oyl wuisy } AR o Bookkeeping increases
(i7)eDC d .
ramatical
+ (1= Sus) I = S){ 3 [0 = Cus,) (I = C5i) + OV = Cus ) (I — Cis) Y
1€TC
+O(1 = Cisi)(I = Ca) + OI = Cus (I = Cis) | wa o Color correlations become
I — Cu)(I — Cs;) wyis; ¢ AW EAD :
+ 3 (1= Cu)(I = Oy ansy } AR crucial, SU(Nc) algebra does not

(i5)eDC

close for n>=4
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TOWARDS COLORFUL FINAL STATES

Back to our original example: Z+] @NNLO

+asontwop1’2

FLM[plq, P2, P3g] (-2 Log[%i] (1—18 CA? (-64 +3 72 - 66 Lo

=
54

CA2 Log[ EEZX] (383 +18 Log[2] - 594 Log[2]2 - 6 n2

2]) Log[E:X] + 297 Zeta[3]) ;

~1 ca2 (—180900 = 2490 7% + 213 1 + 33800 Log[2] + 2:

2 3
Log[2]“ - 84480 Log[2]" -
=5 = Log[2] gl2]

360 Log[2]4 - 8640 PolyLog[4, %] + 65340 Zeta[3] 4 IM[plq, z P2q, P3g, 2]

-2 CACFD1[z] (64 - 37% + 66 Log[2]) + CF2

(6 - 62) Lo

+ -2 Log[%ﬁ] ( )+

2

_76+15 z+ (61-6 72| z2) Log[ n? (12412 z-50 z2) +3 (165-46 z-36 Zeta[3]+2z2 (-119+48 Zeta[3])
( ( ) ( )+3 | ) m

9 (-1+2)

11

CA CF = (1+2) Log[2]2 +

| 36 (-1+2)

Size in memoryi 4.3 MB = Show less 4+ Show more it Show all

--+ Iconize ¥ | | Store full expression in notebook @

Fvaluating each subtraction term explicitly hides structures & simplifications

"‘Asymmetry”: VV very simple pole structure, RR structure obscured by energy ordering,
oartitioning, etc..
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TOWARDS COLORFUL FINAL STATES

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Back to our original example: Z+] @NNLO

+ asontwop1’2

FLM[plq, P2, P3g] (-2 Log[g] (i CA? (-64 +3 72 - 66 Lo

2
It~ - 66 Log[2
mu2 18 g[

" Can we identify structures early
Z”L“’i[]f 8]44 on in the calculations so that

“ Log - :

ione, 202, » CANCENIAtION OF diVergences can
0e seen “by eye” even for d

2 generic process?

(—76+15 z+(61—6 nz) 22) Log[ 0 (12+12 z-50 zz) R

SIS
9 (-1+2) o I8 (i) JJJ

Size in memoryi 4.3 MB = Show less 4+ Show more it Show all

=
54

CA2 Log[ E’;‘:x] (383 +18 Log[2] - 594 Log[2]2 - 6 n2

FINCAZ (—180900 = 2490 7% + 213 1 + 33800 Log[2] + 2:

360 Log[2]4 - 8640 PolyLog[4, %] + 65340 Zeta[3]

_g CACFD1[z] (64 -3 72 + 66 Log[2]) + CF?

(6 -62z) Lo

- —

11

CA CF = (1+2) Log[2]2 +

--+ Iconize ¥ | | Store full expression in notebook {03

Fvaluating each subtraction term explicitly hides structures & simplifications

"‘Asymmetry”: VV very simple pole structure, RR structure obscured by energy ordering,
oartitioning, etc..
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Main ided: look at the pole structure of the virtuals to infer similar operators for the reals

Warm-up @ NLO

| _ _ ) | Np smg ) © smg ___I_ﬁ
o Virtuals: Iv(e) — 11(6) T IJ{(G) I,(¢e) =—Z (€ )(T T)( o > e "hije (€) €2 ¢
2% T PP N,=N+2
(2Emax )_26 < —€ p) NE
o Reals: Is(e) = > D 1 °Ky(T;- T) I-(e) = Z
i#] .
=1

Iy(€) + Ig(e) : Highest pole trivially cancel } j
Remnant single pole canceled by

Color correlations cancel 4 S,
IMensions

I(e) = Iy(e) + Is(€) + I-(€)

d6NO = [a](Ir(e) - Fiy) + [a] (PNLO ® Fim) + (Fim ® Pore + (F%) 4+ (Onp o A™F p(m) )

“Generalised anomalous
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NEW APPROACH AT NNLO

Think about structures arising in VV and look for their friends in RV and RR

l[deally the result will be ~NLO"2 as much as possible .

10w 40} =~V w5 () (196 % {p}) + 4mpo )
etev(1) — ¢
- e (2 + K) T2 (p)
+ HZQ (e, 1% {p})
Catani, 1998
(Fyv) = [Ozs]2< | Iv(2 'FLM>
+ [as] (Iv(€) - Fiv) + (Fiye) + (FVY) -
Color correlated contributions: ~1;- 15 - 1 Different patterns of cancellations!
(T;-T) - (T, T)
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COLOR CORRELATIONS AND WHERE TO FIND THEM

We know they can only arise from soft real emissions and loop amplitudes

<Smn@mnF Lm(m,n) >T2

Double soft —vuw T;- T

Np
= g;l,b Z /[dpm] [dpn]O(Em — En)<§z‘j (Pm, Pn) (Ti-T') - FLM>

— [0 |G a@+ Pex(o) + oa(©)] (F20)| Fiar) + (SumOm Faa(m,m):

Pole content identical to I¢(2¢) !
(T, T) - (T, - T) ;
“Factorised contribution”
<Smn@mnFLM (ma l‘l)>
N, C N
(Smn@mnFLM(ma rl)>T4 — 2g.ésl,b Z </[dpm] [dpn]@(Em — En)Sz’j (Pm)Skl(Pn) - [a3]2< [%Ig(e) + (6_;461 (6) + %62(6) + Bo C3(€)) IS(2€)] . FLM>

(25),(Kl)

+ (SmnOmn FLM (M, n))i’é :

N

Ig(e) + 1‘2/(6) takes care of “quartic” color-correlated poles
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COLOR CORRELATIONS AND WHERE TO FIND THEM

We know they can only arise from soft real emissions and loop amplitudes

Soft real-virtual
Only contributes in processes with 2

SmFRVg“) colored particles in the initial state
—— g2, Z{z Siom) (T4T5) - Fiyy — 228 P g 5 p) (1) - Fin and for processes with Np >=4

(7)
2 %8 04 Ax(e) (S <pm)) (T:T;) - Fuu

4 T(1 4+ e)I3(1 —¢€)

Non-trivial phase space integral

Z Kij Ski(Pm) ( z'j(pm))efabc TR T T FLM}

~ lo] el'(1 — 2e¢)
k;ézg
TrI|O|e CO|OF COrrek]tOrS <Sm FRV(m)> — [as]z <1 [IS(E) IV(E) 4 IV(E) IS(G)] FLM>
| N I'l—¢)p
The subtraction term can be + o] <IS(€)'F3V> — o]’ (eG’YEe) : <IS(€)FLM>
almost fully written in terms of our Lol oy Ao (Ts(20) - Fint)
6

NLO Catani-like operators + <(% 159, Ta(9) 119 +1§}}’(e)> .FLM>

And so on.......(hard-collinear RV, single soft RR etc.)
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CANCELLATION OF DOUBLE COLOR-CORRELATED POLES

Recall: [y = Iy, + g + I~ =finite! =1z — I * No color correlated poles!

/'

1
Z%\,H—S)’el = o 3]2 < [I\2/ + IvIs + Islv + I§ + 2Iclv + chfs] : FLM>

+ 22029 (L [15(0) + Iy(@)] + Iv(2e) + &(e) T5(20)] - Fiae

n [043]2< F(]. 6) Iv(2€) n CA(Cle(;) AK(E) 22+265§7A (E))

e€VE 62

X 73(26)- 'FLM> + o) ([Iv(€) + Is(e)] - Fiy)

/

No color correlated poles!

T 26) - 126

O(¢)

With similar arguments one can show that all terms are free of color correlated poles
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CANCELLATION OF TRIPLE COLOR-CORRELATED POLES

Double origin: explicit or commutators of / operators

RV Again present in VV and soft RV
From VV (# ,) and soft RV (1)

1 Computed explicitly up to O(e?)

=R = [a]*( (5 15(9), Ti(e) — Th(0)] 8

+ [ors)? < (—% [71(6), 71(6)] + Ha e + H;,tc) ' FLM>

/

I(CC) = — [I_|.,I—] + [2I+ + ISaI—] +H2,t0 T Hg,tc

By computing these commutators
one can see that the poles exactly
cancel!

tri

]. —|CC P
Mae = 5 [T, C] I = +0+0()

€

39



d 8pdf + dENNLO

.
ZRl:{,Zc ZRI:{,lc
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| |
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| |
SIS
el
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FINAL RESULT

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Finite remainders for the generic process gg — X + Ng

2

25 dGYNEO = O“;(:) (Po© ® Fim ® Py ©

o Ready to be implemented in o
numerical code

- 12
25 610 = | AN (PN @ 10 Fuad]) + ([0 - Fiae) @ PO

o Trivial dependence on number of

W 1||n,fin 2||n,fin W
L <qu ® [Wl ' FLM]> T <[W2 'FLM] ®qu artons
NNLO NNLO p i
T <qu ® Fim) + (Fim © Paq
+ (P ° © Fiy) + (FI¥ ® Pgy° } , o Analytic proof of pole
cancellation for generic process
- 12
|
25 doNNLO — Ot.;(:) {<[Igcn TG (LD LR O S at NNLO!!

N.
+ ij ([PV(L) 02 WM 4 5O WRINER L gD Fiag) }
1=1

(2] (20 i)+ (Sun O Fiaaom )5 + () + (FR)
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